Abstract. Preeclampsia is a pregnancy-specific disorder, which is a leading cause of maternal and perinatal mortality and morbidity. A lower increase of estrogen, compared with the increase in progesterone, is associated with pathogenesis of the disease during pregnancy. G-protein-coupled receptor 30 (GPR30) mediates the action of estrogen, however remains to be investigated in preeclampsia. The levels of GPR30 were measured in placentae from uncomplicated pregnancies and pregnancies complicated by preeclampsia using immunohistochemistry and western blotting. GPR30 expression was additionally measured in placental HTR8/SVneo cells following 17β-estrogen (E2) treatment in normal or hypoxia-reoxygenation conditions by western blotting. In addition, the outgrowth of HTR8/SVneo cells following E2 treatment in hypoxia-reoxygenation conditions was measured. Levels of GPR30 were significantly reduced in placentae from women with preeclampsia as compared with uncomplicated pregnancies. Treatment with E2 significantly increased the expression of GPR30 in HTR8/SVneo cells, in normal and hypoxia-reoxygenation conditions. Furthermore, treatment with E2 increased the outgrowth of HTR8/SVneo cells in hypoxia-reoxygenation conditions. The present study demonstrated lowered placental expression of GPR30 in preeclampsia. Estrogen treatment increases GPR30 expression in extravillous trophoblast and GPR30 may be involved in extravillous trophoblast invasion.
Introduction
Preeclampsia is a pregnancy-specific disorder which is a leading cause of maternal and perinatal mortality and morbidity (1) . It is characterised by systemic endothelial cell activation and exaggerated inflammation. Although the pathogenesis of preeclampsia remains unclear, it is well documented that deficient placentation is associated with this disease; this starts from 6-18 weeks of gestation. Disruption to extravillous cytotrophoblast invasion and spiral artery remodelling, subsequently induces placental dysfunction and placental oxidative stress, which in turn contribute to the pathogenesis of the disease (2) (3) (4) .
During pregnancy, levels of estrogen and progesterone are increased. In animal models, inhibition of estrogen production results in pregnancy loss, suggesting that estrogen may have a role in the maintenance of a healthy pregnancy (5, 6) . 17β-estradiol (E2) is the common form of estrogen in women and the levels of E2 are increased during pregnancy due to placental production (7) . There is evidence to suggest that reduced levels of estrogen and increased levels of progesterone are associated with the pathogenesis of preeclampsia (8) (9) (10) . The level of E2 has been also suggested to be reduced in preeclampsia (11) . In addition, a previous study suggested that estrogen deficiency affects endothelial cell function (12) .
The biological effects of estrogen are commonly mediated by estrogen receptors α (ERα) and β (ERβ) (13, 14) . However, a previous study suggested that factors other than ERα and ERβ are involved in the functions of estrogen in pregnancy (15) . The G-protein-coupled receptor 30 (GPR30) was reported as a novel estrogen receptor in 2005 and is able to mediate estrogen action (16, 17) . Unlike ERα and ERβ that function as estrogen-activated transcription factors in the nucleus and do not influence gene transcription (18) , GPR30 is a transmembrane estrogen receptor (19) . The most potent estrogen produced in the body is E2 (7) and GPR30 is a specific receptor for E2 (19 the ability of estrogen to inhibit apoptosis induced by oxidative stress in keratinocytes (20) and GPR30 mediates the proliferative effects of estrogen in endometrial cancer (21) . GPR30 mRNA is expressed in the placenta (19) , however, the role of GPR30 in pregnancy or in pregnancy complications such as preeclampsia and fetal growth restriction (FGR) remains to be investigated. It has been previously reported that hypoxia-reoxygenation is a potential inducer of placental oxidative stress and thus the development of preeclampsia (22) . Therefore, the present study aimed to investigate whether the expression of GPR30 in the placenta is altered in preeclampsia and whether hypoxia-reoxygenation conditions affects the expression of GPR30 in vitro. In addition, the potential function of GPR30 in pregnancy was investigated in vitro.
Materials and methods
Ethical approval and consent. The present study was approved by the Ethics Committee of Human Experimentation of the First Affiliated Hospital of Chongqing Medical University (Chongqing, China). For placentae collection, all patients gave written informed consent.
Study population for placenta collection. Placentae from women with preeclampsia (n=21, three with early onset <34 weeks and 18 with late on-set >34 weeks gestation) and from women whose pregnancies were uncomplicated (n=21) were collected after delivery between January 2013 and May 2014 at the First Affiliated Hospital of Chongqing Medical University (Chongqing, China). All women underwent caesarean section. The clinical details of the 42 women for placentae collection are summarised in Table I. Preeclampsia was defined as a maternal systolic blood pressure ≥140 mmHg and/or diastolic blood pressure ≥90 mmHg measured on two occasions separated by at least 6 h following 20 weeks of gestation in accordance with the guidelines of the American College of Obstetricians and Gynaecologists (23) . Three of the preeclampsia pregnancies were also complicated by FGR.
Reagents. E2, a general agonist for estrogen receptors, was purchased from Abcam (ab120657; Cambridge, UK). The selective GPR30 agonist G1 and the selective GPR30 antagonist G15 were purchased from Sigma-Aldrich; Merck Millipore (G6798 and G6748; Darmstadt, Germany).
Tissue preparation. Placentae were collected within 10 min of delivery and placental explants (collected from the maternal side of the placenta) and decidua were then harvested. All the tissues were snap frozen and stored at -80˚C for western blotting or fixed in 4% formaldehyde (Shanghai Aladdin Bio-Chem Technology Co., Ltd., Shanghai, China) prior to embedding in paraffin for immunohistochemical analysis (IHC).
Cell culture and treatment. The human-transformed primary extravillous trophoblast cell line, HTR8/SVneo cell line was donated by Dr C.H. Graham (Queen's University, Kingston, ON, Canada). HTR8/SVneo cells were cultured were cultured at 20% O 2 in RPMI-1640 (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (FBS; 10099; Gibco; Invitrogen). HTR-8/SVneo cells were growth in 12 well plates until confluent. Cells were then pretreated with E2 (100 nM) or G1 (1 µM) or G15 (2 µM) for 1 h under normal conditions. Pretreated cells were randomly divided into 2 groups: Cells in one group were cultured under normal conditions, whereas cells in the other were treated in hypoxia (1% O 2 ) for 4 h and followed by 18 h of reoxygenation (20% O 2 ). Cells were then harvested for further studies.
Placental explants culture and treatment. Placental explants were cultured on matrigel (10%) in 48-well plates. Explants were pre-treated with E2 (100 nM) or G1 (1 µM) or G15 (2 µM) for 1 h in normoxic conditions (20% O 2 ). Explants were subsequently maintained in normoxic conditions for 24 h or subjected to hypoxia (1% O 2 ) for 4 h followed by 18 h of reoxygenation (20% O 2 ). Extravillous trophoblast sprouting and migration from the distal end of the villous tips was recorded. The extent of migration (i.e., the distance from the cell column base to the tip of the outgrowth) was measured at defined positions with Adobe Fireworks software version CS5 (Adobe Systems, Inc., San Jose, CA, USA).
Western blotting. HTR-8/SVneo cells that had been treated were lysed with RIPA buffer (P0013; Beyotime Institute of Biotechnology, Haimen, China). Protein concentration was determined by the BCA Protein Assay kit (P0010; Beyotime Institute of Biotechnology) according to the manufacturer's instructions. Protein samples (30 µg) were loaded in 10% SDS-polyacrylamide gels, resolved by electrophoresis and transferred to polyvinylidene difluoride membranes (PVDF; 0.22 mm; EMD Millipore, Billerica, MA, USA). Immunoblotting was performed using primary antibodies against GPR30 (1:1,000, ab154069; Abcam) and β-actin (1:1,000, TA-09; OriGene Technologies, Inc., Rockville, MD, USA). Following incubation with the goat anti-rabbit (1:1,000, A0208; Beyotime Institute of Biotechnology) or goat anti-mouse (1:1,000, A0192; Beyotime Institute of Biotechnology) horseradish peroxidase-conjugated secondary antibodies, the bands of specific proteins on the membranes were developed with BeyoECL Plus (P0018; Beyotime Institute of Biotechnology). The levels of proteins were quantified by a ChemiDoc image analyzer (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The expression of β-actin was used as a loading control.
IHC. IHC was performed as previously described (15) . Briefly, 5 µm paraffin-embedded tissue sections were deparaffinized in xylene, then rehydrated in a serial gradient of ethanol and washed in PBS. Tissue sections were further quenched sequentially by the use of 3% hydrogen peroxide for 15 min and incubated in 10% normal goat serum (Sigma-Aldrich; Merck Millipore) for 45 min at room temperature. The slides were then incubated at 4˚C overnight with polyclonal rabbit anti-GPR30 antibody (1:150, ab39742; Abcam) or polyclonal rabbit anti-CD31 antibody (1:100, cat. no. GTX110602; GeneTex, Inc., Irvine, CA, USA). The slides were rinsed with PBS, and then incubated with a horseradish peroxidase-conjugated goat anti-rabbit IgG for 30 min at 37˚C. 3,3'-Diaminobenzidine (chromogenic reagent; OriGene Technologies, Inc.) was used as the chromogen, and hematoxylin (Sigma-Aldrich; Merck Millipore) was used for nuclear counterstaining. For the negative controls, the primary antibodies were omitted. Experiments were repeated at least three times.
Statistical analysis. Data are presented as the mean ± standard deviations. The statistical significance of the results was assessed by a Mann-Whitney U test or a Kruskal-Wallis test using Graphpad Prism software (version 5.0; GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

GPR30 expression was significantly lower in placenta and
decidua from preeclampsia pregnancies. IHC analysis demonstrated that GPR30 was expressed in vascular endothelial cells and syncytiotrophoblasts in placentae from uncomplicated pregnancies (Fig. 1) . GPR30 was also expressed in vascular endothelial cells and in the stroma in decidua from uncomplicated pregnancies (Fig. 1) . However, GPR30 expression was reduced in the placenta and decidua from pregnancies complicated by preeclampsia (Fig. 1) . To quantify the IHC results, semi-quantitative analysis of the western blots was performed. The protein levels of GPR30 relative to β-actin were significantly lower in preeclampsia placentas ( Fig. 2A ; P=0.0078) and decidua ( Fig. 2B; P=0 .0163), as compared with tissues from uncomplicated pregnancies.
Expression of GPR 30 in HTR-8/SVneo was increased by E2.
Whether E2 could enhance the in vitro expression of GPR30 was investigated. GPR30 expression was significantly increased by treatment with E2 in HTR-8/SVneo cells ( Fig. 3;  P=0 .03). The expression of GPR30 in HTR8/SVneo cells was additionally significantly increased by pre-treatment with the GPR30 agonist G1 (Fig. 3; P=0 .03). The increased expression of GPR30 induced by E2 was inhibited by pre-treatment with G15, a GPR30 selective antagonist ( Fig. 3; P=0 .04). Treatment of HTR-8/SVneo cells with G15 did not change GPR30 expression ( Fig. 3; P=0 .87).
There were no significant differences in GPR30 expression under hypoxia/reoxygenation conditions compared with normoxic conditions ( Fig. 3 ; P= 0.57). However, GPR30 expression was significantly increased by E2 treatment under hypoxia/reoxygenation conditions ( Fig. 3 ; P= 0.01) and this increase was inhibited by pre-treatment with G15 ( Fig. 3 ; P=0.025). When HTR-8/SVneo cells were pre-treated with E2 or G1, the expression of GPR30 was significantly reduced in hypoxia/reoxygenation conditions compared with normoxic conditions (Fig. 4 ; P= 0.03 or P= 0.02). There was no significant Treatment with E2 or G1 enhances placental explants outgrowth. In order to investigate whether GPR30 is involved in extravillous trophoblast invasion, the outgrowth of placental explants in hypoxia/reoxygenation conditions. Notably, it was identified that the outgrowth of placental explants was significantly reduced in hypoxia/reoxygenation compared with normoxic conditions (Fig. 5) . A trend towards an E2-induced increase in the reduced outgrowth did not reach statistical significance (P= 0.08); in contrast, the ) semi-quantitative analysis indicating that levels of GPR30 were significantly increased in HTR8/SVneo cells that had been treated with E2 or G1 in normal conditions. The increased levels of GPR30 induced by E2 were inhibited by G15. (C) Western blotting and (D) semi-quantitative analysis indicated that levels of GPR30 were significantly increased in HTR8/SVneo cells that had been treated with E2 or G1 under conditions of H/R. The increased levels of GPR30 induced by E2 were inhibited by G15. GPR30, G-protein coupled receptor 30; E2, 17β-estrogen; H/R, hypoxia/reoxygenation; DMSO, dimethyl sulfoxide.
reduced outgrowth was significantly increased by treatment with G1 ( Fig. 5 ; P= 0.038).
Discussion
The present study was, to the best of our knowledge, the first to report that the expression of GPR30 is reduced in preeclamptic placentae. The in vitro study further demonstrated that supplementation of E2 enhanced the GPR30 expression in trophoblasts in normal and hypoxia/reperfusion conditions, in addition to enhancing trophoblast outgrowth under conditions of hypoxia/reperfusion.
Although the pathogenesis of preeclampsia is unclear, placental hypoxia/reperfusion injury may be involved in the development of preeclampsia. During pregnancy, both maternal estrogen and progesterone is rapidly increased in order to maintain a successful pregnancy. Estrogen is a critical hormone during pregnancy, exerting its effect both at the transcriptional level and the level of intracellular signaling through secondary messengers (24) . The effect of estrogens is mediated by the classical receptors, ERα and ERβ (13, 14) . However, in 2005, studies identified that estrogen also binds to GPR30 (16, 17) .
GPR30 is widely expressed in a number of tissues including the placenta and ovary (25, 26) , and promotes estrogen-mediated inhibition of oxidative stress induced apoptosis (20) , which is one of the mechanisms implicated in the development of preeclampsia. However the expression of GPR30 in preeclampsia has not previously been investigated. The present study indicated, to the best of our knowledge for the first time, that expression of GPR30 was significantly reduced in trophoblasts and vascular endothelial cells from placentae of preeclampsia as compared with uncomplicated pregnancies using IHC and western blotting. Consistent with earlier reports (15) , it was observed that GPR30 was expressed in decidual stroma and vascular endothelial cells. GPR30 expression in decidual stroma and vascular endothelial cells was also significantly reduced in preeclampsia.
Higher levels of estrogen are suggested to exert anti-inflammatory effects and the reduction of estrogen has been reported in women with preeclampsia (11) . Estrogen such as E2, the most common form of estrogen, exerts its action either by binding to ERα/ERβ receptors of estrogen or by activating GPR30 (27, 28) . Therefore, it was investigated whether exogenous estrogen could alter the expression of GPR30 in trophoblasts. In the present study it was identified that treatment with E2 significantly increased the expression of GPR30 in trophoblasts in vitro. The increased expression of GPR30 in trophoblasts induced by E2 was blocked by the specific antagonist of GPR30, G15. The in vitro study demonstrated that E2 supplementation enhanced trophoblast GPR30 expression in normoxic and hypoxia/reperfusion conditions, in addition to trophoblast outgrowth in hypoxia/reperfusion conditions.
There is much evidence for increased placental oxidative stress in preeclampsia and for hypoxia-reoxygenation as a possible mechanism for inducing the oxidative stress (22). Hypoxia-reoxygenation induces apoptotic changes in syncytiotrophoblasts (22) . Increasing evidence suggests that hypoxia-reoxygenation within the placenta leads to production of reactive oxidative species (ROS) (29, 30) and G-protein coupled pathways are involved in ROS production (31) . Increased levels of ROS may result in reduced GPR expression. The in vitro study using 1% O 2 as a hypoxic condition and 20% O 2 as a normoxic condition, the data demonstrated that treatment with E2 increased trophoblast GPR30 expression in hypoxia-reoxygenation (Fig. 3) , although there was no statistical difference between trophoblasts that were cultured in normal conditions and in hypoxia-reoxygenation conditions. Notably, it was identified that compared with trophoblasts that were treated with E2 under normoxic conditions, trophoblast GPR30 expression following E2 treatment was significantly reduced under hypoxia-reoxygenation conditions (Fig. 4) . This suggests that hypoxia-reoxygenation may alter the positive regulation of GPR30 expression by E2. It is well documented that reduced trophoblast invasion is associated with the pathogenesis of preeclampsia and that hypoxia-reoxygenation is involved in the inhibition of trophoblast invasion (29) , however the potential mechanism is unclear. In the present study using 1% O 2 as a hypoxic condition and 20% O 2 as a normoxic condition for placental explants culture, it was confirmed that extravillous trophoblast invasion was significantly reduced in hypoxia-reoxygenation condition. However, E2 treatment did not significantly increase trophoblast invasion in the hypoxia-reoxygenation conditions. This may be due to the fact that E2 treatment in hypoxia-reoxygenation conditions was unable to increase GPR30 expression to the levels that result from E2 treatment in normoxic conditions (Fig. 4) . Therefore, the data suggest that the action of GPR30 in trophoblasts may not promote estrogen-mediated inhibition of apoptosis induced by oxidative stress alone (20) , however may additionally be involved in trophoblast invasion during placentation.
Previous studies indicate that there are distinct vascular adaptation profiles in early onset and late onset preeclampsia, and that the placental pathology in early onset preeclampsia is significantly different from that in late onset preeclampsia (32, 33) . Due to the sample size in the present study (n=21), it was not possible to investigate GPR30 expression differences in severe and mild preeclampsia or early onset and late onset preeclampsia. Future studies to investigate whether the expression of GPR30 is associated with the severity or time of onset in preeclampsia is warranted. In addition, numerous women with preeclampsia additionally present with growth restricted fetuses. There were three cases of FGR in the present study, and it was not possible to investigate associations between GPR30 and FGR. However, preeclampsia and FGR share common mechanisms (deficient placentation) thus there may be also an association between GPR30 and FGR.
It remains unclear whether the low levels of estrogen cause the reduction of GPR30 expression in preeclampsia or whether the lower expression of GPR30 affect the reduction of estrogen action in preeclampsia. Further study is required.
In conclusion, it was demonstrated that placental GPR30 levels were significantly reduced in preeclampsia. Treatment with one of the common forms of estrogen, E2, increased GPR30 in conditions of normoxia and hypoxia/reoxygenation. However, treatment with E2 in hypoxia-reoxygenation conditions did not increase GPR30 levels to those in normoxic conditions. It was further identified that GPR30 may also be involved in extravillous trophoblast invasion. The present study may suggest that the promotion of placental development through increased levels of estrogen in normal pregnancy is at least partially mediated by GPR30, and that aberrant levels of E2 in preeclampsia contribute to the pathogenesis of the disease through this mechanism.
